Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) may be biosynthesized from a precursor ␣-linolenic acid (LNA) or obtained preformed in the diet. Dams were fed four diets with different levels of the various n-3 fatty acids during pregnancy and lactation, and their offspring were weaned to the same diets: "n-3 Deficient," containing (as % total fatty acids) 0.07% of LNA; "Low LNA" (0.4%); "High LNA" (4.8%); and a "DHA ϩ EPA" diet, containing 0.4% of LNA, 2% DHA, and 2% EPA. Sensorimotor gating was measured by prepulse inhibition (PPI) of the acoustic startle response in C57Bl6 mice. The n-3 Deficient and Low LNA diets caused a substantial deficit in PPI compared to the DHA ϩ EPA diet, whereas the High LNA diet induced a less pronounced, but significant reduction of PPI. These are the first data that demonstrate a deficit in sensorimotor gating in rodents caused by an inadequate amount of the n-3 fatty acids in the diet. Our results differentiate the effects of a High LNA diet from one with added EPA and DHA even though the difference in brain DHA content is only 12% between these dietary groups.
The long-chain polyunsaturated fatty acids (PUFAs) eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, can be synthesized from a dietary precursor ␣-linolenic acid (LNA, 18:3n-3) or obtained directly preformed from the diet. PUFAs are important components of membrane phospholipids in neurons, glial, and immune cells, and are involved in many functions of the CNS and immune system. DHA is the most abundant PUFA in the brain and plays an important role in learning and memory (summarized in Fedorova & Salem, 2006) , and both DHA and EPA provide benefits for the treatment of cardiovascular and inflammatory diseases, and also in mood disorders (Caughey et al., 1996; Freeman, Hibbeln, & Wisner, 2006; Kamphuis et al., 2006; Ross, Seguin, & Sieswerda, 2007; Ryan, Keske, Hoffman, & Nelson, 2009; Schwellenbach et al., 2006) . DHA has been known to play a significant role in the brain: incorporation of DHA into brain cell membranes improves membrane fluidity, which may contribute to brain function via their ability to bind ligands and initiate a series of signal transduction processes (Mitchell, Niu, & Litman, 2003; Puskas & Kitajka, 2006; Wood, 1990) . DHA may also influence brain function by affecting production and function of neurotransmitters such as serotonin and dopamine (for review, see Chalon, 2006) , inhibition of phospholipase A 2 (Strokin, Sergeeva, & Reiser, 2004) , and inhibition of protein kinase C (Seung Kim, Weeber, Sweatt, Stoll, & Marangell, 2001) .
In this article, we studied prepulse inhibition (PPI) of the acoustic startle reflex in mice fed diets containing different amount of n-3 fatty acids for two generations. PPI refers to the reduction of a reaction to a startling stimulus when it is preceded by a lowintensity prepulse. The effect of the prepulse upon pulse processing is recognized as an operational measure of sensorimotor gating, and is demonstrable across species from mice to humans. It has been proposed that the mechanism underlying PPI regulates sensory input by filtering out irrelevant or distracting stimuli to prevent sensory information overflow and to allow for selective and efficient processing of relevant information (Swerdlow & Geyer, 1998) . PPI can be disrupted in animals by pharmacological or developmental manipulations (for review, see Geyer, KrebsThomson, Braff, & Swerdlow, 2001) . PPI is thought to reflect an automatic, involuntary, preattentive inhibitory process that functions to protect the initial processing of the prepulse (Graham & Murray, 1977) . Diminished PPI has been consistently demonstrated in patients with a variety of neuropsychiatric disorders such as schizophrenia, schizotypal personality disorder, Huntington's disease, obsessive-compulsive disorder, Tourette's syndrome, bipolar disorder, and attention deficit disorder (summarized in Swerdlow & Geyer, 1998) . These patients are characterized by a general reduction of the ability to gate intrusive sensory, motor or cognitive information, leading to sensory flooding and cognitive fragmentation and, consequently, to a significant deficit in attention and information processing. The experimental diets employed here were designed to provide for varying levels of DHA in the nervous system. It was hypothesized that PPI would vary with nervous system DHA content.
Fatty acids have been the focus of intense study in schizophrenia, one of the most severe mental illnesses. Membrane phospholipid hypothesis (Horrobin, 1998) proposes that vulnerability to schizophrenia is related to a genetically determined abnormality of phospholipid metabolism, which can be modified by nutrition. This is based, in part, on the observation of reduced levels of DHA in cell membrane phospholipids (Assies et al., 2001; Yao, Leonard, & Reddy, 2000) , decreased synthesis and an increased breakdown of membrane phospholipids (Fukuzako et al., 1999; Pettegrew, Keshavan, & Minshew, 1993; Pettegrew et al., 1991; Stanley et al., 1995) , and increased levels of calcium-independent phospholipase A 2 (Gattaz, Schmitt, & Maras, 1995; Ross, Keske, Hoffman, & Nelson, 1999; Ross, 2003) in brains of schizophrenic patients. Studies have reported a significant correlation between abnormal phospholipid metabolism and schizophrenic symptoms (Fukuzako et al., 1996; Shioiri et al., 1997) .
Method

Subjects and Diets
Two-day pregnant C57Bl6 mice (Charles River, Portage, MI) were divided into four dietary groups (n ϭ 12 per group) on a pseudorandom basis with the constraint that all groups had the same average body weight. All dams were observed for mortality and gross abnormalities twice daily (morning and afternoon). Detailed physical examinations of each animal were made prior to randomization and weekly during the study. Observations included general condition, skin and fur, eyes, nose, oral cavity, abdomen, palpitation for masses, and body weight measurements. Litters were observed for the number of live and dead pups and for abnormalities as soon as possible after delivery. Thereafter, litters were observed twice daily for irregularities and the presence of nests in cages was noted. Live pups were weighed at birth and at 4, 7, 14, and 21 days of age. On Day 4 of lactation, each litter with greater than seven pups was culled to that number while retaining all males where possible. The age at which pups exhibited several physical developmental landmarks (e.g., pinna detachment, eye opening, and incisor eruption) was noted.
Dams were single-housed and fed through gestation and lactation four custom diets based on a modification of the American Institute of Nutrition (AIN-93) diet and prepared commercially (Dyets, Bethlehem, PA). The offspring was weaned to the corresponding diets and behavioral testing started when the offspring were 8 weeks old. Only males were tested; each mouse within a dietary group was selected from a different litter; therefore, one animal from each litter was tested in each dietary group. After weaning, the test animals were housed four in a cage; their environment was structurally enriched with nesting material and red plastic tunnels.
All diets (see Table 1 ) had the same basal macronutrients, vitamins, minerals and basal fats, hydrogenated coconut and high oleic safflower oils (Oilseeds Int., San Francisco, CA); the total fat content in all diets was 10 g/100 g diet. The differences between the diets was solely the amount and type of n-3 fatty acids: n-3 Deficient (n-3 Def) contained 0.07% of LNA; Low LNA contained 0.38% of total fatty acids as LNA; High LNA, 4.8% of LNA; and the DHA ϩ EPA diet contained 0.38% of LNA, 2% DHA and 2% EPA. The differing fatty acid profiles were achieved by adding a small amount of flaxseed oil to low and High LNA diets and menhaden oil to the DHA ϩ EPA diet.
Acoustic Startle Protocol
The acoustic startle measure was based on the reflexive wholebody flinch, or startle response, following exposure to a sudden noise. The timing of appearance of the auditory startle reflex was assessed in pups daily starting from PND 10 through 13 in a startle chamber (SR-LAB, San Diego Instruments, San Diego, CA). A positive auditory startle response was considered to be the sudden, brief extension of hind limbs in response to a 100 dB stimulus. Two consecutive responses were required for the startle reflex to be considered present. Only one randomly chosen male pup from each litter was tested. This pup was not later used for the behavioral testing in the adulthood.
When testing prepulse inhibition, mice were placed in a small Plexiglas cylinder within a larger, sound-attenuating chamber (Med Associates Inc., St. Albans, VT). The cylinder was seated upon a piezoelectric transducer, which allowed vibrations to be quantified and displayed on a computer. The background sound level (70dB) and calibration of the acoustic stimuli were confirmed with a digital sound level meter (Radio Shack Sound Level Meter). First, mice were placed in the Plexiglas enclosure for a 5 min acclimation period with a 70 dB background noise. Immediately following the acclimation period each mouse was presented with the test session comprised of three blocks of discrete test trials consisting of one or both of two trial types. The trial types included pulse-alone trials and prepulse-pluspulse trials. A pulse-alone trial consisted of a 120 dB, 40 ms noise burst presented alone. The prepulse-plus-pulse trials employed prepulses of 75, 80, and 85 dB, which corresponded to 5, 10, and 15 dB above background, respectively, in addition to a pulse stimulus of 120 db. Duration of the prepulse stimuli was 20 ms, and 100 ms after initiating of this prepulse, the 40 ms pulse trial was given. The first block consisted of six trials of pulse-alone trials. Subsequently, the second block consisted of a predetermined pseudorandomized sequence of 10 trials of each of the following trial types: (1) pulse-alone and (2) prepulse-plus-pulse trials of each of the three levels of prepulse. The final block concludes the session with six consecutive pulse-alone trials for a total of 52 trials conducted during the session. The interval between trials averaged 15 s, ranging from 10 to 20 s. In order to gauge startle habituation, startle responses in the first and third blocks of six consecutive pulse-alone trials were analyzed. Then, the mean startle reactivity of the last block was compared against that of the first block as a ratio of Block 3/Block 1 mean magnitudes. The reactivity scores following the 120 dB stimulus obtained during only the second block of both the prepulse-plus-pulse and pulse-alone trials were utilized to calculate PPI. To measure PPI, reactivity scores from the prepulse-plus-pulse trials at different prepulse intensities were averaged and analyzed with respect to the mean reactivity score registered during the pulse-alone trials. PPI is defined as the percent reduction in startle reactivity in the presence of the prepulse stimulus [100 -(100 ϫ startle reactivity for prepulse-plus-pulse trial/startle reactivity for pulse-alone trial)].
Fatty Acid Analysis
The mice were decapitated at the end of the study (12 weeks of age); brains were rapidly removed and subjected to total lipid extraction by a modification of the Folch method (Folch, Lees, & Sloane-Stanley, 1957) . The total lipid extract was transmethylated with 14% BF 3 -methanol at 100°C for 60 min by a modification of the method of Morrison and Smith and the methyl esters analyzed by gas chromatography as previously described (Salem, Reyzer, & Karanian, 1996) . The fatty acid methyl esters from 10:0 to 24:1n-9 were identified by comparison with the retention times of a quantitative standard mixture (462; Nu-Chek-Prep, Elysian, MN).
Statistical Analysis
The acoustic startle response data were analyzed using Statistica 7 (StatSoft, Inc., Tulsa, OK) to perform one-way (for startle amplitudes) and two-way repeated measures (for prepulse inhibition) analysis of variance (ANOVA), with Diet as a betweengroups factor and Prepulse Intensity (Time Interval) as a withingroups (repeated) factor. Startle habituation was analyzed first using two-way ANOVA for startle response magnitude in the first and last blocks with Diet as a between-groups factor and Block as a within-group (repeated) factor; thereafter one-way ANOVA for the Block 3/Block 1 ratios was used. Brain concentrations of fatty acids were analyzed separately using one-way ANOVA. Significant effects were analyzed further using post hoc Tukey's HSD (honestly significant difference) test. The data are presented as mean Ϯ SEM.
Results
No differences were observed between dams from different dietary groups in general health observations, body weight, gestation length, litter size, number of live pups at birth and at 4, 7, 14, and 21 days of age. All dams but one (in the Low LNA group) were able to build nests for their pups. Pup appearance, weight gain, and developmental landmarks were similar in all dietary groups. The auditory startle reflex appeared at about the same age in different experimental groups: on PND 12.2 Ϯ 0.4, 12.4 Ϯ 0.6, 12.9 Ϯ 0.8, and 12.7 Ϯ 0.5 among pups in the n-3 Def, Low LNA, High LNA, and in the DHA ϩ EPA group, respectively. There were no differences in body weight between dietary groups at any time point (data not shown), and no significant differences between dietary groups with respect to the total brain fatty acid concentration. The different dietary treatments was successful in inducing a loss in brain DHA as mice in the n-3 Def group exhibited a 60%, 51%, and 46% loss of total brain DHA as compared with the DHA ϩ EPA group, High LNA and Low LNA groups (see Figure 1) . The low level of DHA in the n-3 Def group was largely compensated for by a marked increase in brain docosapentaenoic acid (DPAn-6), arachidonic acid (ARA) and docosatetraenoic acid (DTA). The Low and High LNA groups did not differ significantly in their brain DHA level, but the Low LNA group contained significant higher levels of DPAn-6, ARA and DTA levels than the High LNA group. Mice in the High LNA group accumulated about 10% less DHA in the brain than mice in the DHA ϩ EPA group. The DPAn-6 and ARA levels were the same in these groups, but the DTA level was significantly higher in the High LNA group.
Locomotor and anxiety-related behavior in adult animals was not influenced by dietary treatment as there were no differences in the open-field and elevated-plus maze performance between dietary groups.
Analysis of startle response magnitude to 120 dB stimuli in the first block (pulse-alone trials) revealed no differences between dietary groups: n-3 Def mice had an average response amplitude of 591.1 Ϯ 35.9; Low LNA, 655.5 Ϯ 57.4; High LNA, 560.1 Ϯ 49.0; DHA ϩ EPA group, 620.1 Ϯ 52.7.
We measured prepulse inhibition of acoustic startle response following three different prepulse intensities: 75, 80, and 85 dB (see Figure 2 ) and found a significant effect of Diet, F(3, 99) Figure 3) showed that mice fed the n-3 Def and the Low LNA diets did not change their startle responses between block 1 and 3 of the test: the ratio of block 3/block 1 was about 1, while the High LNA and the DHA ϩ EPA groups exhibited diminished responses during the test to 78% and 73% of the initial value, respectively.
Discussion
The present study assessed the effect of different levels of n-3 fatty acids in the diet on PPI when animals were fed throughout gestation, lactation, and into adulthood. The influence of the diet on acoustic startle reflex when intervention was limited to distinct developmental stages (i.e., during prenatal exposure, early postnatal exposure, pubertal exposure, adult exposure) was beyond the scope of the study, as well as changes in startle responses in dams. Previous studies have found that altered postnatal maternal care can produce disruptions of PPI in adulthood. For example, PPI deficits have been found in rats and mice subjected to the stress of preweaning repeated maternal separation by some researchers (Ellenbroek & Cools, 2002; Geyer, Wilkinson, Humby, & Robbins, 1993) but not by others (Lehmann, Pryce & Feldon, 2000; Figure 2 . Prepulse inhibition of the acoustic startle response. Data (mean Ϯ SEM) show percent prepulse inhibition of the startle response following presentation of prepulse-plus-pulse acoustic stimuli, n ϭ 12 in each group. Different letters indicate statistical differences between groups (repeated-measures analysis of variance followed by Tukey's HSD (honestly significant difference) test). Figure 3 . Habituation of the acoustic startle response. Data (mean Ϯ SEM) show ratio of the mean startle reactivity of the last, third block to that of the first block of six consecutive pulse-alone trials. n ϭ 12 in each group.
‫ء‬ indicates statistical significance, p Ͻ .05 (t test). Millstein, Ralph, Yang, & Holmes, 2006) . Thus, given the fact that behavioral alterations in the dam might lead to long-term impairment of the offspring, we evaluated dam maternal behavior as evidenced by nest building and pup development and growth. No gross abnormalities were observed in any experimental group; all pups gained weight and developed similarly. These observations make it less likely that the observed PPI deficits in the offspring are related to effects of dam behavior but this possibility cannot be excluded. Our findings of similar time of appearance of developmental milestones in pups from different dietary groups are in disagreement with the previous study by Haubner et al. (2002) in which dietary supplementation of rat dams with DHA (3% of total fatty acids) during pregnancy and lactation led to a later appearance of acoustic startle response in their pups and longer auditory brainstem conduction times (ABCTs). Because ABCTs are strongly associated with the degree of myelination of the auditory brainstem, the authors suggested that exposure to high levels of DHA during development may negatively impact myelination of the auditory brainstem. In the present study, however, the timing of appearance of the auditory startle reflex was about the same in all four dietary groups. Moreover, imaging studies of DHA supplementation of children with Zellweger's disease has led to the suggestion that DHA promoted myelination and can even lead to remyelination (Martinez & Vazquez, 1998) .
The present results indicate that the depletion of n-3 fatty acids from the diet leads to a pronounced deficit in the prepulse inhibition of the acoustic startle response. Mice fed the n-3 Def and Low LNA diets had lower PPI levels compared to the High LNA and DHA ϩ EPA groups (see Figure 2) . The n-3 Def and Low LNA groups behaved similarly in terms of magnitude of the prepulse inhibition and habituation to the startle stimuli, although fatty acid composition of the brain tissues was quite different between these groups. The n-3 Def mice accumulated only half the DHA and significantly more ARA, DPAn-6 and DTA than the Low LNA group (see Figure 1) . These results suggest that the amount of DHA in the brain does not solely predict the behavioral outcome; the n-6 fatty acid status also influences the PPI measures. This was confirmed by the differences between the Low LNA and High LNA groups: mice fed the High LNA diet exhibited significantly higher PPI compared to the Low LNA mice, whereas the brain DHA content of these mice was only slightly higher, but levels of all three major n-6 fatty acids (ARA, DPAn-6, and DTA) were much lower in the High LNA mice compared with the mice fed Low LNA diet.
Furthermore, a difference between the High LNA group and mice supplemented with DHA and EPA in their diet was observed: the DHA ϩ EPA group showed higher prepulse inhibition levels but only slightly (about 12%) more DHA in the brain tissues, while the content of ARA and DPAn-6 was the same in these mice. This is the first evidence of the differential effects of High LNA and DHA ϩ EPA diets on behavior. This finding suggests that supplementation with preformed DHA and EPA is beneficial for the sensorimotor gating compare to a diet loaded with a high amount of LNA.
Although these diets were designed principally to manipulate the brain DHA content, these results indicate that this variable does not by itself predict the behavioral outcome. Overall, no correlation between the level of any major long-chain fatty acid (DHA, ARA, DPAn-6, and DTA) and PPI magnitude was observed. Rather the complete fatty acid profile may in some manner determine the PPI response.
There has been a discussion about whether deficits in PPI reflect a sensorimotor gating deficit (leading to compromised processing of prepulse) or an impairment of attention leading to a reduced detectability of the prepulse (summarized in Koch, 1999) . It seems likely that both mechanisms play a role, as Swerdlow and coworkers have repeatedly shown that treatments that impair PPI do not affect the reduction in the startle peak latency that occurs concomitant to PPI, indicating that the animals are still able to detect the prepulse under conditions that reduce PPI (Swerdlow, Caine, Braff, & Geyer, 1992) . On the other hand, in humans PPI is enhanced if the subjects attended to the prepulse (Jennings et al., 1996) . Obviously, there are important attentional components involved in PPI, indicating that the PPI mechanism is more than a pure sensorimotor gate that is a prerequisite for attention. Attentional mechanisms affect PPI at a perceptual level, whereas higher levels of stimulus processing (cognitive processes) are protected by the gating mechanism underlying PPI (Koch, 1999) . Both attentional and sensorimotor mechanisms are involved in the learning process and may underline spatial learning and memory deficits that have been repeatedly reported in n-3 deficient animals (for review, see Fedorova & Salem, 2006) .
PPI of the acoustic startle reflex is reduced in a variety of neuropsychiatric disorders, for example in schizophrenia, schizotypal personality disorder, Huntington's disease, obsessivecompulsive disorder, Tourette's syndrome, bipolar disorder, and attention deficit disorder (summarized in Swerdlow & Geyer, 1998) . The PPI deficit observed in patients with schizophrenia is thought to be a measure of the general reduction of the ability to gate intrusive sensory, motor or cognitive information (Braff, Grillon, & Geyer, 1992; Geyer at al., 2001; Kumari, Soni, Mathew, & Sharma, 2000; Parwani et al., 2000) . Some attempts have been made to treat symptoms of schizophrenia with n-6 and n-3 fatty acids. The results of these clinical trials are summarized elsewhere (Fenton, Hibbeln, & Knable, 2000; Freeman et al., 2006; Joy, Mumby-Croft, & Joy, 2006; Kidd, 2007; Peet & Horrobin, 2002; Ross et al., 2007) . Double-blind trials of n-6 fatty acid supplementation of neuroleptic medication have yielded negative results (Joy et al., 2006) . In contrast, most of n-3 fatty acid supplementation trials report positive results. To date, six double-blind randomized clinical trials with DHA/EPA have been conducted, involving 390 patients with schizophrenia or schizoaffective disorder. Four trials documented clinical benefit from 2 g EPA daily for 3 months (Emsley, Myburgh, Oosthuizen, & Van Rensburgh, 2002; Peet et al., 2001; Peet & Horrobin, 2002) . However, the effect sizes were small in most trials, and significant improvement occurred only at one dose in a group of patients having a specific background treatment (Ross et al., 2007) . Meta-analyses of treatment studies of schizophrenia found that n-3 PUFA failed to improve schizophrenic symptoms as measured by the PANSS total score (Freeman et al., 2006; Joy et al., 2006) .
Habituation of the acoustic startle response as assessed by changes of average startle amplitude in the first and last blocks of the experiment (pulse-only trials) showed differences between the mice fed the n-3 Def and the Low LNA diets, and the ones on the High LNA and DHA ϩ EPA supplemented diets (see Figure 3) . The High LNA and the DHA ϩ EPA groups demonstrated dimin-ished startle responses at the end of the experiment compare to the beginning, suggesting an adequate habituation process. Whereas the n-3 Def and the Low LNA groups, on the contrary, did not change their responses during the test, indicating a deficit in short-term habituation. Within-session, or short-term habituation, is the decline of the acoustic startle reflex magnitude following repeated presentation of startling stimuli within a single test session. We have previously reported that n-3 deficient mice showed impairment in the habituation to a novel environment as they did not decrease their locomotor and exploratory activity in the open field test with time to the same extent as n-3 adequate animals (Fedorova, Hussein, Baumann, Di Martino, & Salem, 2009; Fedorova & Salem, 2006) . In the present study, we observed a habituation deficit in a different paradigm not requiring locomotion or exploration, suggesting that the impaired habituation phenomenon is attributable to the n-3 fatty acid deficiency. Interesting to note, schizophrenic patients are also found to be impaired in the habituation of acoustic startle response Parwani et al., 2000) .
The results of the present study reveal that n-3 fatty acid deficiency induces profound behavioral changes in mice. For the first time, a deficit in sensorimotor gating as assessed by prepulse inhibition of the acoustic startle response was observed in mice fed the n-3 fatty acid deficient and a Low LNA diet. There is a large body of evidence on the importance of n-3 status for learning and memory, but PPI reflects an automatic, involuntary inhibitory process that functions to protect the initial processing of the information. Furthermore, these are the first data that differentiate in rodents the effects of the High LNA diet from one with added EPA/DHA. This technique is objective, readily used in human studies and clearly sensitive to small changes in nervous system DHA content such as may be induced by variations in dietary DHA intake.
